Background: Studies on injuries and illnesses involving youth ski racers younger than 15 years are lacking in the literature. The aim of this study was prospectively to assess the incidence, prevalence, and severity of traumatic and overuse injuries, as well as illnesses of elite youth ski racers with regard to sex, biological maturity status, and relative age. Subjects and methods: A prospective, longitudinal cohort design was used to monitor the anthropometrics, training characteristics, traumatic and overuse injuries, and illnesses of 82 elite youth ski racers (51 males, 31 females, age 9-14 years) over 2 consecutive years. The exact training exposure (skiing and athletic) was recorded. Relative age and estimated biological maturity status were assessed. Results: Relatively low injury incidence or prevalence (traumatic, 0.86/1,000 hours of training; overuse, 0.28/1,000 hours) and comparably high illness prevalence (2.4/athlete) were reported. The knee was the most commonly affected body part (traumatic injuries 36.5%, overuse injuries 82%). A high number of bone fractures were revealed (46%), while no stress fractures occurred; 66% of the illnesses were respiratory tract infections. No differences were found between males and females, the differing maturity groups, or relative age quartiles. Early-maturing athletes had comparably low traumatic and overuse-injury rates. Relatively younger athletes had low traumatic injury rates. Conclusion: The injury-prevention measures implemented in the training process of youth ski racers seem to contribute to a low incidence of injury. Biological maturity status should be considered in the training process to prevent injuries in late-maturing athletes.
Introduction
Alpine ski racing is a sport with a high risk of injury. 1 Through the extensive efforts of the Fédération International de Ski (FIS), there has been an increase in data on traumatic injuries in elite, high-level alpine ski racing. 2, 3 Injury rates of 36.2-36.7 injuries per 100 athletes per season have been reported among World Cup athletes. 3, 4 The most commonly injured body part is the knee; rupture of the anterior cruciate ligament (ACL) is the most frequent traumatic injury. 5, 6 However, reliable collection of injury data in youth alpine ski racers remains a challenge; therefore, studies involving youth ski racers, particularly with regard to overuse injuries, are less common and represent a gap in scientific research on injury prevention in alpine ski racing. 1 Additionally, 1 The first step in injury prevention is to establish the extent of injury problems by examining the sport-specific incidence and severity. 7 One study involving youth ski racers (>16 years of age) revealed similar results to studies at the elite level. Ligament injuries in the knee were the most common, and nearly half of the injuries were classified as severe. 8 High training volume, intensity, and the adolescent growth spurt represent multiple risk factors for overuse injuries in youth sport. 9, 10 In a 2-year retrospective study, more than half of all investigated 15-to 18-year-old ski racers had at least one overuse injury. 11 Additionally, youth ski racers had significantly higher rates of anterior end-plate lesions than age-matched control subjects. 12 The combination of frontal bending, lateral bending, and torsion in the loaded trunk has been found to be a potential risk factor for overuse injuries in elite ski racers. 13 Given these factors, skiing-specific overuse injuries, especially in young athletes, are of particular interest, due to possible growth disturbances and long-term deformities. A further challenge in youth-sport specializations is the dual management of training programs and school education. Physiological and psychological overload combined with inappropriate regeneration may negatively affect the immune system of young athletes, leading to a higher incidence of illness. To date, no studies have reported illness data in youth alpine ski racers, even though illnesses can inhibit training adaptation if they exceed a certain frequency.
Likewise, injury prevention in youth sport includes investigation of the relationship between biological maturity status and injuries. No such studies have been undertaken in alpine ski racing. In youth soccer, no significant differences were found in the overall incidence of injury among players of differing maturity status.
14 However, late-maturing athletes had a higher incidence of severe injuries than normal-maturing athletes. Additionally, in Canadian youth ice hockey, relatively older athletes were at an increased risk of injury compared to relatively younger players. 15 However, the influence of relative age on injuries in alpine ski racing has not been investigated, although the relative age effect is present in all age categories at both the national and international levels 16 and is influenced by biological maturity status. 17 Most studies conducted to establish the extent of injuries and illness have been retrospective or based on questionnaires; 11, 18, 19 however, recall bias associated with retrospective study designs often restricts the interpretation of injury-surveillance studies. As such, a prospective study design should be used to avoid recall biases. Therefore, the first aim of the present study was to develop a user-friendly training-and-injury database as the basis for prospective and reliable data collection. Second, prospective assessment of the incidence, prevalence, and severity of traumatic and overuse injuries, as well as illnesses, of elite youth ski racers with regard to sex, biological maturity status, and relative age should be performed. It was hypothesized that relative age and maturity status would affect the characteristics of traumatic and overuse injuries and illnesses.
Subjects and methods Participants
In total, 82 elite youth ski racers (51 males and 31 females) aged 9-14 years were included in the study. The athletes were pupils of a well-known ski boarding school, for which they had to pass an entrance exam with both skiing-specific and general physical performance tests, as well as alpine skiing-specific exercises. All athletes compete at the national junior level. Prior to the study, written informed consent was obtained from the parents of the subjects and the head coach, as well as the coaches of the single classes.
Design and data collection
A prospective, longitudinal cohort design was used to monitor anthropometrics, training characteristics, traumatic and overuse injuries, and illnesses over two consecutive seasons (2014-2015 and 2015-2016) , ie, school years, which lasted from the beginning of September until the beginning of July. Prior to the study, an Internet-based database (training and injury) was developed specifically for this ski boarding school to record all relevant information with regard to training, injuries, and illnesses. For each training session (athletic and skiing), the presence or absence of each athlete and a detailed training profile were recorded by the coaches, who received detailed instruction on injury definition and explanation and how to complete the injury-and-illness surveillance sheet. The reason (illness, injury, or other) for the absence of an athlete was indicated for each training session, and certain medical information was provided (illness: major symptoms, medical attendance, fever; injury: type of injury, affected body part, reason, recurrence, treatment). This information was implemented by the member responsible in the study team. All data were systematically checked with the coaches and physiotherapists, either face-to-face or by telephone. In cases of injuries and illnesses that required medical attention, a detailed medical report was provided.
A traumatic injury was defined as injury with a sudden onset based on time loss, 20 and the type of traumatic injury and affected body part were defined according to the 
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Injury and illness in elite youth skiers injury-surveillance consensus paper of the International Olympic Committee. 21 The classification of injury severity (minimal, time loss of 1-3 days; mild, 4-7 days; moderate, 8-28 days; severe, >28 days; injury causing end of career) was performed according to Clarsen et al. 22 An overuse injury was defined as any physical complaint that was not attributable to a single identifiable event and caused time loss from full participation in training.
The anthropometric characteristics of each athlete were assessed both prior to the start of winter training (September) and at the end of the season (May). In total, four measurements were performed during the 2 years, and the mean was calculated including the biological maturity status. This was assessed using the noninvasive method of calculating the age at peak height velocity (APHV) with sex-specific prediction equations. 23 The good validity of this method was shown in an examination of youth ski racers by comparing the APHV method with the estimation of skeletal age using X-rays of the left wrist. 24 Following the approach used by Deprez et al, 25 the athletes were then divided into three maturity groups (early-, normal-, or late-maturing) based on the mean ± standard deviation (SD) of the APHV of the total sample (separated by sex; normal, APHV within mean ± SD; early, APHV < mean -SD; late, APHV > mean + SD).
The birth dates of all participants were collected and categorized into four relative age quartiles (Q1-Q4) according to their birth months (Q1, January-March; Q2, April-June; Q3, July-September; Q4, October-December). The anthropometric data of the participants separated by sex are presented in Table 1 (mean of four measurements). The study was performed according to the Declaration of Helsinki and was approved by the Institutional Review Board of the Department of Sport Science of the University of Innsbruck and the Board for Ethical Questions of the University of Innsbruck.
Statistical analyses
All data were controlled for double reporting. Descriptive statistics are presented as mean ± SD for continuous variables and as frequency counts and percentages for categorical variables. Categorical variables, such as sex-specific differences and differences between the three groups of maturity status and athletes of the four relative age quartiles, were assessed by χ 2 -tests. Additionally, odds ratios (ORs) and 95% confidence intervals (95% CIs) were calculated. The injury rate was calculated as the number of injured ski racers divided by number of ski racers (separated by sex). The incidence of traumatic injuries per 1,000 hours of training exposure (athletic and skiing-specific) was assessed by the number of injuries divided by total number of hours of exposure multiplied by 1,000. The prevalence rates of illness and overuse injuries were also calculated. 22, 26 The level of significance was set at P<0.05. All calculations were performed using SPSS 23.0 (IBM Corporation, Armonk, NY, USA).
Results
At the beginning of the study, 85 athletes were enrolled. Throughout the 2-season study period, three athletes left the school. The 82 remaining athletes reported 266 medical problems in total.
Training exposure
Throughout the two-season study period, 2,020 training sessions (922 skiing, 1,098 athletic) were analyzed. A total mean exposure time of 738 hours (261 hours of athletic training, 477 hours of skiing-specific training) was recorded. A mean of 2.9 (±0.1) skiing sessions and 1.9 (±0.1) athletic sessions were performed per week; this corresponded to 12 (±0.9) hours of skiing training and 3.7 (±0.5) hours of athletic training per week, as well as 236.6 (±17.8) hours of skiing training and 130.1 (±17.2) hours of athletic training per season. The athletes participated in a mean of 17 (±6.3) races per season.
Traumatic injuries
In total, 52 traumatic injuries were reported by 42.7% of the athletes (n=35, 14 females, 21 males; Figure 1 ), which produced a rate of 0.63 injuries/athlete and an incidence of 0.86 traumatic injuries per 1,000 hours of training (males, 0.9/1,000 hours of training; females, 0.79/1,000 hours of training). Among all female athletes with a traumatic injury, 7% (n=1) reported two injuries; all other injured females sustained one traumatic injury during the two-season study period. Among injured male athletes, 71.4% (n=15) reported one, 23.8% (n=5) reported two, and 4.8% (n=1) sustained three traumatic injuries. The month with the highest injury rate was January (26.9%), followed by November and June (13.5% each). Table 2 presents the distribution of injury type 
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Müller et al and injured body parts. Most of the traumatic injuries affected the bones (46.1%), resulting in fractures and bone bruises, as well as ligament injuries (25%). The knee was the most commonly injured body part (36.5%), followed by the lower extremities (28.8%). Only one male athlete sustained an ACL rupture. More than half of the injuries occurred in training sessions (57.7%), followed by leisure time activities (26.9%) and competition (9.6%); 5.8% could not be classified. Most of the traumatic injuries (44.2%) were classified as moderate ( Figure 2 ). No significant differences were observed in the frequencies of traumatic injuries between males and females (P=0.617; Figure 1 ), the three groups of maturity (P=0.643; Figure 3 ), or the four relative age quartiles (P=0.3; Figure 4 ).
Overuse injuries
In total, 17 overuse injuries were reported by 13 athletes (10.7%, 2 females, 11 males; Figure 1) , with a rate of 0.21 overuse injuries/athlete and a prevalence of 0.28 overuse injuries/1,000 hours of training (males, 0.4/1,000 hours of training; females, 0.09/1,000 hours of training). Most of the overuse injuries had occurred for the first time, while only 23.1% were defined as recurrent. The most commonly affected body part was the knee (82.3%), and nearly all overuse injuries comprised tendon and muscle structures (94.1%; Table 2 ). May and September (23.5% each) were the months with the highest overuse-injury rates. All overuse injuries caused time loss, and most were classified as moderate (47.1%) or severe (17.6%; Figure 2 ). No significant differences were present in the frequencies of overuse injuries between males and females (P=0.81; Figure 1 ), the three groups of maturity (P=0.696; Figure 3 ), or among the four relative age quartiles (P=0.22; Figure 4 ). 
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Injury and illness in elite youth skiers medical attendance, and 31% caused a fever of at least 1 day. No significant differences were present in the frequency of illnesses between males and females (P=0.554; Figure 1 ), the three groups of maturity (P=0.931; Figure 3 ), or among the four relative age quartiles (P=0.752; Figure 4 ).
Absence of medical problems
Among all athletes, eight (9.8%, three males, five females; Figure 1 ) reported no medical problems. Female athletes had a significantly higher chance of having no medical problems (χ 2 =5.775, OR 0.85, 95% CI 0.48-1.5; P=0.016). No significant differences were present in the frequencies of "no medical problem" among the three groups of maturity (P=0.761; Figure 3 ) or the four relative age quartiles (P=0.106; Figure 4 ). When the first and the last relative age quartile were compared, Q4 athletes had a significantly higher chance of having no medical problems (χ 2 =5.74, OR 0.38, 95% CI 0.13-1.05; P=0.017). 
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Discussion
The present study was the first prospective study on injury incidence and severity involving youth alpine ski racers younger than 15 years, as suggested by Spörri et al. 1 Relatively low incidence of traumatic and overuse injuries and comparably high prevalence of illnesses were revealed. No sex-specific differences were present, except for females presenting a higher chance of having no medical problems. No significant differences were found between differing maturity groups and relative age quartiles. However, Q4 athletes had a significantly higher chance of having no medical problems than Q1 athletes, and only small percentages of relatively younger (Q4) and early-maturing athletes were affected by traumatic and overuse injuries.
To date, most studies on injury and illness rates have investigated major events, with data acquisition over only a few days. [27] [28] [29] However, to understand the epidemiology of sport-specific health problems better, a long-term data analysis of the amount of time spent in training is required. In the present study, the numbers of training sessions and hours (including off-snow training) were regularly documented for each athlete over the entire study period; therefore, the results on incidence and prevalence reflect the exact exposure data.
Traumatic and overuse injuries
The incidence and rate of traumatic injuries (0.86 injuries/1,000 hours of training, 0.63 injuries/athlete) were smaller than in studies at both the youth (1.7 injuries/1,000 ski hours) 8 and elite levels (36.7 injuries/100 athletes). [1] [2] [3] [4] Consistent with other studies, 8, 11 no sex-specific differences were present in the number of traumatic injuries among youth ski racers, which may be associated with similar training-load exposure (skiing-specific and athletic training sessions were conducted together for males and females). In contrast, at the elite level, male athletes had a higher injury risk in general. 4 A possible explanation could be the more demanding course settings, diverse slope characteristics, and higher speeds in elite male ski racing compared to female ski racing, whereas at the youth level no such differences are apparent. Furthermore, it needs to be considered that the competition rate in youth athletes is much lower compared to the elite level.
The knee was the most commonly affected body part (36.5%) followed by the lower extremities (28.8%). This finding is consistent with the results of studies of World Cup athletes (knee 35.6%, lower leg 11.5%) 2, 6 and youth athletes (knee 41%). 8 Previous studies have shown a high incidence of ACL ruptures in competitive alpine ski racers; 2, 6, 30 however, in the present study, only one male athlete suffered an ACL rupture. It can be assumed that the elastic properties of tendon structures in the growing athlete are higher and thus more compliant compared to full-grown athletes. 31 Most of the traumatic injuries were classified as moderate (44.2%), which is comparable to the results of Hildebrandt and Raschner (46%). 11 However, traumatic injuries at the World Cup level were mostly classified as severe (35.6%). 4 A possible reason for these contrasting results could be the retrospective study design at the elite level; it could be assumed that not all minimal or moderate 
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Injury and illness in elite youth skiers injuries were able to be assessed, because of missing data. A novel finding was the relatively high number of bone fractures, including physeal fractures (46.1%). Two possible explanations exist. First, the age of peak bone mass is later than APHV by up to 1 year, which could lead to a higher vulnerability to bone fractures in athletes younger than 16 years. 32 Second, the physis is weaker than ligaments; therefore, fractures are more likely to occur than a rupture. Even though this injury is typical in children, further investigations are necessary. 32 High training volumes, overscheduling, and the adolescent growth spurt represent risk factors for overuse injuries. 33 Epidemiological studies of overuse injuries in alpine ski racing are rare, especially those involving youth ski racers prior to or during puberty. A 2-year retrospective analysis of adolescent ski racers reported that more than 50% sustained at least one overuse injury. 11 In the present study, however, only 17 overuse injuries were reported. Therefore, an incidence of 0.28 injuries/1,000 hours of training was assessed. No sex-specific differences were found, although females had descriptively lower overuse-injury incidence (0.09 versus 0.4 injuries/1,000 hours of training); this finding is consistent with the results of Hildebrandt and Raschner.
11 However, it can be assumed that the prevalence of overuse injuries was underestimated. According to DiFiori, 34 overuse injuries can be classified into five stages. In the present study, only stage five was considered, which includes symptoms that cause an absence from full training. Although physiotherapists verified the overuse injuries, their classification is difficult, because overuse injuries do not have a precise onset.
In the present study, few reported overuse injuries were recurrent (23.1%) but classified as moderate (47.1%) or severe (17.6%). Therefore, the youth athletes had sufficient time to recover, and the pressure to return to training and competition or to train despite symptoms was not as high as it probably could have been for adolescent athletes. The most commonly affected body part was the knee (82.3%), which is consistent with previous findings for youth alpine ski racing 11 and other types of youth sport. 9, 26 Growing athletes suffer from unspecified but self-limiting knee problems independently of the type of sport. The growth rate of the apophysis is slower than that of the epiphyseal plate, leading to problems of the interface between bone and ligaments. Most overuse injuries are classified as typical apophysitis, such as Osgood-Schlatter disease. 35 Despite the high number of fractures included as traumatic injuries, no stress fractures occurred. The highest overuse-injury rates were reported at the beginning of training following the holiday (September) and after changes in training (May); therefore, during these periods, low-impact training should be performed to enable the passive structures to adapt.
In total, relatively low rates of both traumatic and overuse injuries were revealed. Both the close cooperation with the coaches of the ski boarding school and the discussion about injury prevention in youth ski racing prior to the injury-prevention implementation at the beginning of the study might have shifted coaches' awareness. According to LaBella and Myer, 36 injury prevention in youths should include appropriate time for complementary training instead of focusing only on sport-specific training. Therefore, a regular physiotherapy examination was implemented in the training process of the ski boarding school. Based on these examinations, individual, complementary training sessions were applied to compensate for or prevent muscular imbalances and asymmetries in the young athletes. Additionally, a screening program with potentially preventive effects was performed in the ski boarding school. The program was conducted twice per year to identify pathophysiological conditions and to minimize intrinsic risk factors, such as joint instability, muscle-strength asymmetry, and muscle weakness. Therefore, it can be assumed that all these measures contributed to the relatively low traumatic and overuse-injury incidence and prevalence compared to the adolescent and elite levels.
Illnesses
Illnesses represented the most common medical problem in the present study. During the two-season study period, 84.1% of all athletes were ill at least once, which corresponded to an illness rate of 2.4 illnesses/athlete. Most of the illnesses were respiratory tract infections (66.4%), which is consistent with the results of youth tennis (60%) 26 and those of adolescent athletes at the Winter Youth Olympic Games in 2016 (84%). 29 In the present study, 62% of illnesses were categorized as minimal, with a time loss of 1-3 days. No sex-specific differences were found in the prevalence of illnesses; however, at the Winter Youth Olympic Games in 2016, a significantly higher proportion of illnesses was reported among female athletes. 29 It can be assumed that the comparable illness rates for males and females may be associated with similar training-load exposure, because training was conducted together for males and females. Most of the illnesses occurred in January or April after short holidays. However, it is important to consider that these findings are based on a group of young pupils; as such, the combination of sport and life at the boarding school can contribute to a higher risk of infecting one another. 
Biological maturity status
The distribution of normal-(77%), early-(11%), and latematuring (12%) athletes did not significantly differ from the expected normal distribution. This finding is consistent with the distribution of youth ski racers (10-15 years old) participating in provincial races in Austria. 17 No significant differences were observed in the occurrence of injuries and illnesses between differing maturity groups, which is consistent with a study of youth soccer 14 in which differences were found only in injury severity (late-maturing athletes had a higher incidence of severe injuries) and types of injury, but not in injury incidence. Mismatches in biological maturity between young athletes have been suggested to contribute to higher injury risk. 37 Interestingly, in the present study 60% of all late-maturing athletes had a traumatic injury and 40% an overuse injury, whereas only 22% of all early-maturing athletes had a traumatic injury and 11% an overuse injury. However, the differences were not significant, but a trend can be assumed wherein biological maturity status influences injury risk in youth ski racers. The small sample sizes in the groups of early-and late-maturing athletes and the generally low rates of injuries might explain the insignificant result. Nevertheless, these findings revealed that biological maturity status should be considered in the training process of youth ski racers to prevent traumatic and overuse injuries, especially in late-maturing athletes.
Relative age
In Canadian youth ice hockey, relatively older athletes were shown to be at higher risk of injury, which additionally increased as the level of play became more competitive. 15 In the present study, no significant differences were found. However, relatively younger athletes had a significantly higher chance of having no medical problems than Q1 athletes. Additionally, only 19% of the Q4 athletes had a traumatic injury; the percentages of the other quartiles were much higher (Q1 52%, Q2 44%, Q3 50%). Although not significant, these results demonstrate that relatively younger athletes, who may have counteracted their relative age disadvantage if they were more mature and possibly at a higher level of physical fitness, seem to have a lower risk of traumatic injuries than their relatively older counterparts, which would again be in line with the results in Canadian youth ice hockey. 15 A high percentage of early-maturing athletes (41%) was found among relatively younger youth ski racers selected for national final races. 17 Therefore, the present findings could confirm that athletes of the last relative age quartile might be more mature and may thus have lower injury risk. However, further research is necessary.
Conclusion
A relatively low incidence of traumatic and overuse injury and a high prevalence of illness were found among elite youth alpine ski racers under 15 years of age. No significant sex-specific differences were present, although females reported a descriptively lower overuse-injury rate than males. Relatively younger and early-maturing athletes sustained a comparatively low number of traumatic and overuse injuries. Therefore, biological maturity status should be considered in the training process to help prevent injuries. Both the prospective study design and implementation of the training-and-injury database seem to offer reliable data. The injury-prevention strategies implemented in the ski boarding school appear to have contributed to low incidences of traumatic and overuse injuries. Further investigations with larger sample sizes should be performed. Additionally, following the multistage sequence by van Mechelen et al, 7 the next step should involve evaluation of the detailed causes of injury, risk factors, and assessment of mechanisms in a cohort of youth ski racers.
Strengths and limitations
Several strengths of the present study can be mentioned. It was the first study with regard to injury incidence and severity and illness prevalence involving youth ski racers younger than 15 years. The main strength is the prospective study design to avoid recall bias. Additionally, the exact time durations spent in skiing specific and athletic training were regularly documented, whereas in other studies injury incidence often could only be calculated per hours of races and off-snow training was not considered. Until now, no studies have been published with regard to illnesses in youth ski racing, although illnesses can inhibit training adaptations, which is another strength of the present study. The two aspects of biological maturity status and relative age were new approaches in injury-prevention research in alpine ski racing.
The main limitation of the present study was the small sample size. This is explained by the fact that there were no more youth ski racers available at the ski boarding school. However, the group of youth ski racers investigated was a cohort of high-level athletes who represented the most talented athletes of the given age and region. In the future, a similar study should be performed involving a larger sample size.
